We also show that GRFT specifically binds to the SARS-CoV spike glycoprotein and inhibits viral entry. In addition, we report the activity of GRFT against a variety of additional coronaviruses that infect humans, other mammals, and birds. Finally, we show that GRFT treatment has a positive effect on morbidity and mortality in a lethal infection model using a mouse-adapted SARS-CoV and also specifically inhibits deleterious aspects of the host immunological response to SARS infection in mammals.
The Coronaviridae are a group of enveloped positive-strand RNA viruses of the group Nidovirales. This group of viruses was not, until recently, of major concern as a matter of public health, although they were long recognized as important agents of serious disease in domestic and companion animals. The recent evidence of zoonotic transfer of this family of viruses from bats to animals such as palm civet cats and then to humans during the 2002-2003 outbreak greatly increased scientific interest in the Coronaviridae (7, 14, 19) . The best-known coronavirus (CoV) is the causative agent of severe acute respiratory syndrome (SARS), termed the SARS-related coronavirus (SARS-CoV) (7, 14, 19) . The lethal SARS outbreaks in China and Canada in 2002-2003 first brought SARS-CoV to public attention. The subsequent identification of two new human coronaviruses associated with acute respiratory infections in humans further illuminated the continuing potential threat that coronaviruses present to public health (31, 36) .
Infection with SARS-CoV results from the binding of SARS-CoV spike glycoprotein (S) to angiotensin-converting enzyme 2 (ACE2) on the surface of susceptible cells in the lung followed by viral fusion with host cell membranes and transfer of virion contents into the cell (12, 25, 27) . The infection stimulates significant cytokine responses in lung tissue that, together with pathologies associated with rapidly replicating virus, cause damage to the airway epithelium and alveolar membranes resulting in edema, respiratory distress, and (in ϳ10% of cases) death (5) . Due to the proven threat from SARS-CoV infections and the possibility of future zoonotic transmission of coronaviruses, efforts have been initiated to identify agents that could either reduce infection or suppress the deleterious cytokine response to SARS-CoV infection (8, 29) .
The molecular physiology of the SARS-CoV life cycle and the host response to infection have provided numerous potential targets for chemotherapeutic intervention. In addition to vaccine development strategies, various research groups have targeted the SARS-CoV-specific main protease or viral attachment, entry, and fusion for intervention. SARS-CoV protease inhibitors which inhibit the enzyme at concentrations from 0.5 to 7 M have been reported (2) . The SARS-CoV papain-like protease (PLP) has also been successfully developed as a target for small-molecule antivirals, some of which are active in the 100 nM range (22) . Viral entry inhibitors include SARS-CoV S glycoprotein heptad repeat peptides identified as potential inhibitors of viral fusion (3). Another broad-spectrum antiviral approach involves targeting the high-mannose oligosaccharides that are commonly found on viral surface glycoproteins. For example, carbohydrate-binding lectins, including Urtica dioica agglutinin (UDA), have been reported to bind to the SARS-CoV S protein and inhibit viral fusion and entry (33) .
The antiviral protein griffithsin (GRFT) was originally isolated from the red alga Griffithsia sp. based upon its activity against the human immunodeficiency virus (HIV) (17) . This unique 12.7-kDa protein was shown to bind specifically to oligosaccharides on the surface of the HIV envelope glycoprotein gp120. GRFT was shown to possess three largely identical carbohydrate-binding domains orientated as an equatorial triangle and affording multivalent binding and thereby increasing potency (37) (Fig. 1) . Due to GRFT's ability to bind to specific oligosaccharides on envelope glycoproteins and block viral entry, it was hypothesized that GRFT might show broadspectrum antiviral activity against other viruses, including SARS-CoV (38) . Here we report the testing of GRFT for antiviral activity against a spectrum of coronaviruses, including SARS-CoV. In addition we present data on the specific binding interactions between GRFT and the SARS-CoV S protein.
Finally, we evaluate the in vivo efficacy of intranasal administration of GRFT against infection with SARS-CoV in a lethal mouse model of pulmonary infection and explore the effects that GRFT treatment has on the induction of host cytokine response to SARS-CoV infection. with 5% FBS, later reduced to 2% FBS in antiviral assays Severe acute respiratory syndrome-associated coronavirus strain Urbani (SARS-CoV) was obtained from the Centers for Disease Control and Prevention (Atlanta, GA), the Tor-II strain was from Heinz Feldman (National Microbiology Laboratory, Winnipeg, Manitoba, Canada), the Frankfurt strain was from Jindrich Cinatl (Klinikum der J. W. Goethe Universität, Frankfurt am Mein, Germany), and the CuHK strain was from Paul K. S. Chan (Chinese University of Hong Kong, Hong Kong, People's Republic of China). They were all passaged in Vero 76 cells. When viruses were grown, the FBS in each medium used above was reduced to 2% and the NaHCO 3 was reduced to 0.22% with the exception of BCoV. For BCoV, the growth and antiviral test media were MEM without serum, 0.18% NaHCO 3 , 20 IU trypsin/ml, 2.0 g EDTA/ml. For all antiviral assays, 50 g/ml gentamicin was also added to the antiviral test medium.
MATERIALS AND METHODS

In vitro
(iii) Preparation of compounds for testing. Compounds in solution were diluted in test medium (MEM without serum) through a series of eight 1/2-log 10 dilutions for evaluation. A positive-control drug was also included to ensure that an overwhelming amount of virus was not used in the assay. The latter compounds also were diluted in test medium as described above.
(iv) CPE inhibition assay. Cells were seeded into 96-well flat-bottomed tissue culture plates (Corning Glass Works, Corning, NY), 0.2 ml/well, at the proper cell concentration, and incubated overnight at 37°C in order to establish a cell monolayer. When the monolayer was established, the growth medium was decanted and the various dilutions of test compound were added to each well (3 wells/dilution, 0.1 ml/well). Compound diluent medium was added to cell and virus control wells (0.1 ml/well). Virus (viral multiplicity of infection [MOI] ϭ 0.01 to 0.001), diluted in test medium, was added to compound test wells (3 wells/dilution of compound) and to virus control wells at 0.1 ml/well. Virus was added approximately 5 min after compound. Test medium without virus was added to all toxicity control wells (2 wells/dilution of each test compound) and to cell control wells at 0.1 ml/well. The plates were incubated at 37°C or at 33°C (HCoV-OC43, HCoV-299E, and HCoV-NL63) in a humidified incubator with a 5% CO 2 -95% air atmosphere until virus control wells had adequate cytopathic effect (CPE) readings. This was achieved in 3 to 10 days after virus exposure to cells, depending on the virus. Cells were then examined microscopically for CPE, this being scored from 0 (normal cells) to 4 (maximal, 100% CPE). The cells in the toxicity control wells were observed microscopically for morphological changes attributed to cytotoxicity. This cytotoxicity was also graded as T (100% toxicity, complete cell sloughing from plate), P VH (80% cytotoxicity), P H (60% cytotoxicity), P (40% cytotoxicity), P Sl (20% cytotoxicity), and 0 (normal cells). The 50% effective dose (EC 50 ) and 50% cytotoxic dose (IC 50 ) was calculated by FIG. 1. The amino acid sequence and carbohydrate binding domains of griffithsin. Griffithsin monomers contain three distinct, nonlinear, and uniform binding sites for monosaccharides such as mannose and glucose. The binding sites (red, blue, and yellow) are shown both in the amino acid sequence of griffithsin (A) and binding to the disaccharide maltose in a three-dimensional representation derived from the X-ray crystal structure (B). regression analysis of the virus CPE data and the toxicity control data, respectively. The therapeutic index (SI) for each compound tested was calculated using the formula SI ϭ IC 50 /EC 50 .
(v) NR uptake assay of CPE inhibition and compound cytotoxicity. The neutral red (NR) uptake assay was done on the same CPE inhibition test plates as described above to verify the inhibitory activity and the cytotoxicity observed by visual observation. The NR assay was performed using a modified method of Cavanaugh et al. (4) as described by Barnard et al. (1) . Medium was removed from each well of a plate, 0.034% NRF (0.34% neutral red in phosphate-buffered saline [PBS] supplemented with formalin at 10%) was added to each well of the plate, and the plate was incubated for 2 h at 37°C in the dark. The NR solution was then removed from the wells and rinsed, and the remaining dye was extracted using ethanol buffered with Sörenson's citrate buffer. Absorbances at 540 nm/405 nm were read with a microplate reader (Opsys MR; Dynex Technologies, Chantilly, VA). Absorbance values were expressed as percentages of untreated controls and EC 50 , IC 50 , and SI values were calculated as described above.
(vi) ELISA studies. The binding of GRFT to SARS-CoV spike (S) glycoprotein was analyzed in enzyme-linked immunosorbent assay (ELISAs) with two different modalities. For standard ELISA, purified S protein was immobilized at 10 ng/well to a 96-well protein-binding plate (Nunc; Maxisorp) by incubation for 2 h at room temperature. After being rinsed twice with PBS containing 0.1% Tween (PBS-T) and three times with blocking buffer (Superblock buffer in PBS containing 0.05% Tween 20; Pierce, Rockford, IL), the plate was incubated with blocking buffer for 3 h at room temperature and rinsed again with PBS-T. The wells were then incubated with 0.5 log 10 serial dilutions of GRFT, followed by anti-GRFT rabbit polyclonal antibodies for 1 h at room temperature. After washing with PBS-T, the amount of bound GRFT was determined by adding a 1:5,000 dilution of goat anti-rabbit-horseradish peroxidase (HRP; ImmunoPure). The plate was washed again, and horseradish peroxidase substrate (Kirkegaard & Perry Laboratories) was added. The reaction was stopped by the addition of 50 l/well of 2 M H 2 SO 4 , and absorbance was measured at 450 nm. To measure the inhibition of binding of GRFT to S protein by mannose, increasing concentrations of mannose were added to 100-l aliquots of GRFT (1 M in PBS) or PBS alone and incubated at room temperature for 30 min on a rocker. The aliquots were then added to an S-protein-coated plate and incubated for 1 h at room temperature. Binding of GRFT was measured as described above.
In studies to measure the ability of GRFT to prevent the binding of S protein to the ACE2 cellular receptor, S protein was bound to the wells of a 96-well plate as above and then, after blocking and washing, was treated with increasing concentrations of GRFT (0.0003 to 100 pmol/well). Following incubation with GRFT (2 h), the plate was then incubated with 50 ng/well of recombinant ACE2 (R & D Systems) and incubated for 1 h prior to washing and visualization with primary polyclonal goat-anti-ACE2 antibodies followed by horseradish peroxidase-ligated mouse anti-goat secondary antibodies monitored by absorbance at 450 nm.
(vii) Isothermal titration calorimetry. The calorimetric binding experiments were carried out on a VP-ITC microcalorimeter (MicroCal, Inc., Northampton, MA). In the experiments, 5-l aliquots of a GRFT solution (289.3 M) were injected from a 250-l syringe into a rapidly mixing (300 rpm) solution of either SARS-CoV spike (1.8 M) or HIV-1 IIIB gp120 (2.5 M) contained within the calorimetric cell (1.4426 ml). Both experiments were carried out at 25°C in 10 mM sodium phosphate buffer, 60 mM NaCl, 0.02% NaN 3 (pH 7.0). The isotherms were corrected for dilution/buffer effects and fitted using the Origin ITC analysis software according to the manufacturer's protocols. Concentrations of all proteins were determined by amino acid analysis. A nonlinear least-square method was used to fit the titration data and to calculate the errors. From the binding curve, values for enthalpy, stoichiometry, and binding affinity were extracted. The other thermodynamic parameters (free energy of binding and entropy values) were calculated using ⌬G ϭ ϪRTlnKa, ⌬G ϭ ⌬H Ϫ T⌬S, and R ϭ 1.985 cal/(mol ⅐ K), where R is the universal gas constant, T is temperature in Kelvin, and K a is the reaction equilibrium constant.
In vivo mouse testing methods. (i) Animals. Six-to eight-week-old BALB/c female mice were purchased from NCI. The animals were maintained in an approved animal care facility and transferred to a biosafety level 3 (BSL3) facility prior to infection. This study was approved by the University of Iowa Animal Care and Use Committee. The animals used for this study were part of a four-armed experiment including sham-treated, positive-control (SARS-CoVinfected), griffithsin-treated, and rhesus theta-defensin-treated animals. The results with rhesus theta-defensin-treated and some of the positive-control and sham-treated animals were previously published (34) .
(ii) Griffithsin administration. Recombinant GRFT protein was prepared as described previously (18) . Mice were lightly anesthetized, and GRFT (5 mg/kg of body weight/day) was delivered intranasally 4 h prior to administration of MA15 SARS-CoV, followed by 2 doses daily (2.5 mg/kg/dose) for 4 days following infection. This dose was adopted from a previous study of a similar viral entry inhibitor, cyanovirin-N, with influenza virus (28) .
(iii) MA15 Urbani SARS-CoV infection. Mice were anesthetized and inoculated intranasally with 3 ϫ 10 5 PFU of mouse-adapted Urbani SARS-CoV (MA15) (23) in 30 l sterile 1ϫ PBS in an approved BSL3 facility. Mice were weighed and examined daily. Animals were euthanized if they lost Ͼ25% of their body weight. To obtain specimens for lung histology, virus titers, lung homogenates, and serum collection, mice were euthanized at baseline and at day 2, day 4, and day 10 postinfection (p.i.). The left lung was fixed in zinc formalin, and the right lung was homogenized and stored at Ϫ80°C.
(iv) Plaque assay. The right lung was excised aseptically, placed in sterile 1ϫ PBS, and homogenized manually with a tissue homogenizer. The homogenates were centrifuged at 12,000 rpm for 10 min, and supernatant was removed. Lung homogenate supernatants were diluted and applied to Vero cells and incubated for 1 h, and an overlay medium containing agarose was added to cell surface. Three days postinfection, cells were fixed in 10% formaldehyde and stained with 0.1% crystal violet. Formed plaques were counted.
(v) Immunohistochemistry. To detect SARS-CoV antigen, zinc formalin-fixed paraffin sections were incubated with a monoclonal antibody to the SARS-CoV N protein (gift of John Nicholls, University of Hong Kong, Hong Kong) and expression was detected using a biotin-avidin system. Sections were examined and photographed under light microscopy.
(vi) Histopathology. Fixed tissues were processed, paraffin embedded, sectioned (4 m), and hematoxylin and eosin stained. All slides were screened by a veterinary pathologist to first identify the histopathologic parameters that were appreciably altered. Subsequently, the slides were scored in a blinded fashion for lesion severity. Edema scores included the following: 1, absent to rare; 2, mild, detectable foci of eosinophilic seroproteinaceous fluid within alveoli and airways; and 3, moderate to severe foci of eosinophilic seroproteinaceous fluid pooling in alveoli and airways. Perivascular cellular inflammation scores included the following: 1, absent to rare; 2, mild perivascular cellular infiltrates starting to form small cellular aggregates; and 3, moderate to severe perivascular cellular infiltrates often forming marked aggregates with variable disruption of adjacent tissue architecture. Necrotizing bronchiolitis scores included the following: 1, absent to rare; 2, scattered foci of airway epithelium necrosis and sloughing; and 3, multifocal and coalescing to circumferential airway epithelium necrosis and sloughing. Data from the mice used in the negative-control (sham-treated) and positive-control (SARS-CoV without GRFT) groups were included in a previously published study (35) .
(vii) Multiplex cytokine assay. To identify changes in cytokine protein expression, we performed a multiplex bead-based immunoassay using the Bio-Plex cytokine assay (Bio-Rad Laboratories) as previously reported (35) . Lung tissue homogenates were studied at baseline and day 2, day 4, and day 10 postinfection. , MIP-1␣, MIP-1␤, RANTES, and tumor necrosis factor alpha (TNF-␣) expression patterns and was used following the manufacturer's instructions. Fifty microliters of each lung tissue homogenate specimen was transferred to appropriate microtiter wells containing diluted antibody-coated bead complexes and incubation buffer. Samples were incubated for 30 min at room temperature and 18 h (both in the dark) at 4°C, with continuous shaking. Following a rinse with wash buffer, 25 l detection antibody was added to each well, incubated for 30 min at room temperature (in the dark), and washed as described above. Next 50 l of streptavidin-phycoerythrin was added to all wells and incubated for 10 min at room temperature (in the dark). All microtiter wells received a final wash, and beads were resuspended in 125 l assay buffer and analyzed on the Bio-Plex suspension array system using Bio-Plex Manager software. Cytokine concentrations were automatically calculated based on standard curve data. Data from the mice used in the negative-control (sham-treated) and positive-control (SARSCoV without GRFT) groups were included in a previously published study (35) .
(viii) Statistical analysis. The indicated statistical tests were used in experimental analyses. Student's t test was applied at the 95% confidence level (P Ͻ 0.05) to each paired comparison at each of their respective time points using Excel. Analysis of variance (ANOVA) was applied with Bonferroni correction for multiple comparisons.
RESULTS
GRFT inhibits in vitro infection of Coronaviridae. In initial studies of the effect of GRFT against SARS-CoV (Urbani strain), GRFT was shown to potently inhibit the cytopathic effect of SARS-CoV on Vero 76 cells (38) . As can be seen in Fig. 2 , GRFT reduced the percentage of cells killed by SARSCoV (Urbani) in a concentration-dependent manner (EC 50 ϭ 48 nM) while showing minimal toxicity to the control cells. The antiviral activity of GRFT against SARS-CoV was not limited to the Urbani strain of the virus, as three additional strains of SARS-CoV were also sensitive to GRFT at similarly low concentrations (Table 1) . In addition, GRFT demonstrated activity against a broad spectrum of other coronaviruses that infect mammals and birds in testing using a variety of cell lines. Of the coronaviruses tested several were susceptible to inhibition by GRFT below the lowest dose utilized (ϳ1 nM) ( Table 2 ). It is interesting that GRFT mutants, in which the carbohydratebinding domains were altered to prevent carbohydrate binding, were largely inactive against coronaviruses (EC 50 of Ͼ50 g/ ml) (data not shown). Though all of the human coronaviruses were sensitive to GRFT at nanomolar concentrations, two coronaviruses, infectious bronchitis virus (IBV) and HCoV (NL63), were the most sensitive to inhibition (EC 50 of Ͻ2.5 nM and Ͻ0.25 nM, respectively). It is interesting that these viruses belong to the group 1 and group 3 phylogenetic groups of the Coronaviridae, respectively. NL63 uses the ACE2 recep- tor for binding (21) , but IBV uses a receptor possessing ␣-2,3-linked sialic acid residues (34) . Thus, at the receptor level, the two viruses appear to have nothing in common, other than their susceptibility to inhibition by carbohydrate-binding agents such as GRFT (13, 32) . In addition, GRFT was shown to be active against both group 1 and 2 Coronaviridae which utilize different mechanisms for proteolytic cleavage of the spike glycoprotein (9) . GRFT binds directly to the SARS-CoV spike glycoprotein. To determine if the activity of GRFT against SARS-CoV was due to specific interactions with the spike glycoprotein, ELISA studies utilizing recombinant SARS-CoV spike glycoprotein were performed which showed that GRFT binds to this protein in a concentration-dependent manner (Fig. 3A) . Additional experiments showed that this binding interaction could be inhibited by the addition of excess mannose, thereby indicating that the association between GRFT and SARS-CoV spike glycoprotein is carbohydrate dependent (Fig. 3B) . It should be noted, however, that the expression of the SARS-CoV spike glycoprotein in a baculovirus expression system could alter its glycosylation. Finally, ELISA studies were performed to determine if the binding of GRFT to SARS-CoV S glycoprotein was sufficient to inhibit the subsequent binding of the host cell receptor human ACE2 to S. These studies indicated that GRFT was unable to significantly inhibit the binding of the SARS-CoV S glycoprotein to ACE2 (data not shown). The inability of GRFT to inhibit S binding to ACE2 is similar to previous results with HIV-1 in which GRFT did not significantly inhibit the binding of gp120 to CD4 (17) .
GRFT binds to SARS-CoV spike glycoprotein at multiple sites with high affinity. Since previous studies with carbohydrate-binding proteins and HIV gp120 have shown the importance of multiple binding interactions between these proteins and specific oligosaccharides on the envelope glycoprotein (26), we undertook isothermal titration calorimetric studies with recombinant SARS-CoV spike and GRFT. The results of this experiment provided the binding stoichiometry between these two proteins and also showed that GRFT interactions with spike are enthalpically driven (Fig. 4) , resulting in a dissociation constant (K d ) of 24.9 nM ( Table 3 ). The binding interaction of GRFT with SARS-CoV S was compared to that of GRFT with HIV-1 gp120. The results show that GRFT has an ϳ10:1 binding stoichiometry with gp120 compared to a 3: 1   FIG. 3 . Griffithsin binds directly to SARS-CoV spike glycoprotein in a carbohydrate-dependent manner. Griffithsin bound directly to recombinant SARS-CoV spike protein (produced in a baculovirus expression system) (F) (A), and this binding was shown to be inhibited by increasing concentrations of mannose (F) (B) compared to the bovine serum albumin controls (f) (A and B) . binding stoichiometry with S, a finding which suggests a greater presence of high-mannose oligosaccharides on gp120 than on S. In line with the greater binding enthalpy (⌬H) for GRFT with gp120, the dissociation constant for gp120 was tighter (8.2 nM) than that seen with S. GRFT pretreatment prevents lethal pulmonary infection in mice. The mouse-adapted MA15 SARS-CoV causes a dosedependent lung disease and significant morbidity and mortality in BALB/c mice (23) . Groups of mice were inoculated with 3 ϫ 10 5 PFU of virus, a dose previously shown to cause at least 75% mortality (35) . One group of mice received concomitant treatment with intranasally administered GRFT peptide as described in Materials and Methods. As shown in Fig. 5A , MA15-infected mice began to lose weight within 2 to 3 days of inoculation, and this continued until they died from the infection or recovered. Figure 5B shows the survival curve for shamtreated, SARS-CoV-infected, and GRFT-treated mice. In contrast to the outcomes in untreated mice, animals that received GRFT 4 h before inoculation with MA15 followed by twicedaily treatment for 4 days did not lose weight and exhibited 100% survival. Animals receiving sham treatment or GRFT treatment alone survived and exhibited no weight loss. We evaluated MA15 titers in lung tissue 0, 2, and 4 days postinoculation. As shown in Fig. 5C , GRFT treatment significantly diminished the tissue virus titers on day 2 postinfection (mean virus titers [PFU/g tissue]: GRFT plus SARS-CoV, day 2, 4.2 ϫ 10 6 , and day 4, 2.9 ϫ 10 6 ; SARS-CoV alone, day 2, 8.5 ϫ 10 7 , and day 4, 1.1 ϫ 10 7 ). In agreement with this observation, GRFT-treated animals also had reduced pulmonary viral antigen load assessed by localization of the SARS-CoV N gene antigen by immunohistochemistry (Fig. 6) .
GRFT treatment decreases pulmonary pathology during SARS-CoV infection. In humans and animal models SARSCoV causes significant pathological changes in pulmonary tissues, characterized by necrotizing bronchiolitis, perivascular cellular inflammation, and alveolar edema (7, 14, 23) . We assessed pulmonary histopathology at 2, 4, and 10 days postinfection in untreated, sham-treated (no virus), and GRFTtreated animals. Mice receiving GRFT alone developed a modest level of perivascular infiltrate that was largely resolved FIG. 5 . GRFT treatment protects mice against morbidity from SARS-CoV infection. Mice were treated with sham control (no virus), GRFT alone, SARS-CoV alone, or GRFT followed with SARS-CoV infection as described in Materials and Methods. Animals were monitored daily for weight loss (A) and survival (B). GRFT-treated mice exhibited no weight loss. SARS-CoV-infected mice without GRFT treatment had a 30% survival rate and a ϳ25% decrease in weight in those that survived. Lung tissue was harvested from mice, and viral titer levels were determined (C). Results in panels A and C are presented as means Ϯ standard errors. n ϭ 7 in panels A and B, and n ϭ 3 in panel C. * , P Յ 0.05 by t test or ANOVA. by 10 days (6 days following the last dose of GRFT) (Fig. 7) . In contrast, mice treated with SARS-CoV alone manifested necrotizing bronchiolitis, perivascular infiltrates, and alveolar edema that were resolving by 10 days postinfection (in surviving animals). While mice receiving GRFT treatment and SARS-CoV exhibited robust perivascular infiltrates at levels greater than those with SARS-CoV alone, possibly due to the increased immunogenicity of GRFT-aggregated viral particles, the GRFT-treated mice had reduced levels of pulmonary edema at both 2 and 4 days postinfection and reduced severity of necrotizing bronchiolitis at 2 days postinfection. The histopathology scores are presented graphically in Fig. 8 . GRFT treatment modifies cytokine responses in infected lung tissue. It has been hypothesized that the morbidity and mortality associated with SARS-CoV infection originate from maladaptive cytokine/chemokine responses or suppression of innate immune responses (6, 20) . We measured cytokine levels in pulmonary tissue homogenates 2 and 4 days following MA15 inoculation. As shown in Fig. 9 (top panels), mice treated with GRFT and exposed to SARS-CoV showed significantly reduced levels of MIP-1␣ at day 2 postinfection compared to SARS-CoV alone. IL-1␣ and -␤, RANTES, MCP-1, IL-12(p40), IL-6, and G-CSF also showed downward trends in GRFT-treated mice compared to SARS-CoV at day 2 p.i., but the differences were not statistically significant. At 4 days p.i. (Fig. 9, bottom panels) , several cytokines were significantly reduced in GRFT-treated animals compared to those infected with SARS-CoV alone, including IL-1␣ and -␤, IL-6, G-CSF, MCP-1, and IL-12(p40).
DISCUSSION
The potent antiviral lectin GRFT displayed low nanomolar activity against SARS-CoV (Urbani strain) with an EC 50 of 0.61 g/ml (48 nM). Previously, we had speculated that GRFT would be likely to have activity against SARS-CoV due to its . Extending our previous work (38) , here we detail the activity of GRFT against several strains of SARS-CoV and show consistent advantageous selectivity indices for all of the tested strains ( Table  1) . The carbohydrate-binding agent Urtica dioica agglutinin (UDA) has been reported by others to display anti-SARS-CoV activity (33) , but the concentrations necessary for inhibition were significantly higher than those that we report here for GRFT. This difference in activity could be attributed to the multivalent interactions that the three independent carbohydrate-binding sites afford GRFT (Fig. 1) . Other agents reported to show activity against SARS-CoV, including SARSCoV protease inhibitors (2) and SARS-specific heptad repeat peptides (3), also show such activity only at significantly higher molar concentrations than GRFT. Though human recombinant alpha interferon (multiferon) and other host-targeted agents have demonstrated anti-SARS activity at low concentrations (Table 2) , their potency does not significantly exceed that displayed by GRFT, which directly targets viral envelope glycoproteins.
In addition to GRFT's activity against SARS-CoV, GRFT demonstrated broad-spectrum activity against a variety of Coronaviridae, including those recently identified as human pathogens (Table 2 ). Both group 1 and group 2 coronaviruses were susceptible to GRFT with similarly low nanomolar sensitivities. GRFT was active against coronavirus strains that utilize protein-protein interactions for viral targeting (e.g., ACE2 as a cellular receptor, SARS-CoV, and HCoV-NL63) and those that utilize protein-carbohydrate interactions for viral attachment (i.e., ␣-2,3-linked sialic acid moieties, IBVCoV, and HCoV-OC43). The broad range of Coronaviridae species sensitive to GRFT is a significant attribute for this antiviral protein, as this group of viruses appears to be capable of continuing zoonotic evolution and transfer to human hosts (24) . GRFT was active against several coronaviruses at concentrations less than the lowest tested concentration, with HCoV-NL63, a strain recently identified as a human pathogen (31) , displaying the greatest sensitivity (EC 50 of Ͻ0.0032 g/ml [0.25 nM]).
The molecular target through which GRFT appears to mediate its anticoronavirus activity is the surface envelope glycoprotein spike (S). GRFT binds directly to S as shown by ELISA studies showing the concentration-dependent binding to recombinant S (Fig. 3A) . This mechanism is consistent with our previous studies of the mechanism of GRFT inhibition of HIV that revealed that GRFT binds to HIV-1 gp120 and prevents viral entry (18, 38) . As with gp120, GRFT appears to bind to S via interaction with oligosaccharide moieties. Here we show that the binding of GRFT to S can indeed be inhibited by millimolar concentrations of mannose (Fig. 3B) . GRFT is known to bind to select monosaccharides (mannose, glucose, and N-acetylglucosamine) in a multivalent manner via its three independent carbohydrate-binding domains ( Fig. 1) (37) . The unique equatorial triangular orientation of these three sites has been shown to be ideally situated so as to allow for engagement of multiple triantennary arms of specific high-mannose oligosaccharides such as oligomannose 9 (38) . The oligo- saccharide component of SARS-CoV S has been previously reported to contain multiple high-mannose oligosaccharides to which GRFT might bind (11) . In isothermal titration calorimetry studies of the GRFT/S binding interactions, we determined that GRFT binds to S with a stoichiometry of 3:1, indicating that there are multiple binding sites for GRFT on S (Table 3 ). In this same study GRFT was shown to bind to S with a dissociation constant of 24.9 nM (Table 3 ). This affinity is weaker than that between GRFT and HIV gp120, an interaction that was shown to have a stoichiometry of ϳ10:1. The difference in the affinity for GRFT between the two envelope glycoproteins is likely responsible for the difference seen in the antiviral activity of GRFT against HIV (0.048 to 0.63 nM) (17) and SARS-CoV (48 to 94 nM). Finally, we found that GRFT does not inhibit the interaction between the SARS-CoV S protein and the cellular receptor ACE2 (data not shown). Thus, the interaction between GRFT and S results in a complex that, though still able to bind to ACE2, may prevent the subsequent steps necessary for viral entry. The activity of GRFT against IBV suggests that this perturbation of viral entry by GRFT may be independent of the specific cellular receptor to which S binds. This mechanism would be similar to that seen with GRFT and HIV wherein GRFT binding to gp120 does not prevent the subsequent binding of gp120 to the cellular receptor CD4 and where GRFT activity is independent of the chemokine receptor tropism (CCR5 or CXCR4) of individual strains of HIV-1 (17, 34).
The potent in vitro activity of GRFT against SARS-CoV was confirmed using a mouse model system recently shown to recapitulate several aspects of the physiology of human disease, including a robust pulmonary disease component (23, 24) . This mouse model was previously used to examine the impact of prior infection with SARS-CoV on immune responses and survival following subsequent reexposure to the virus (23, 24) . Previously our group has shown that intranasal administration of the antiviral lectin cyanovirin-N (CV-N) was efficacious in the prevention of mortality in mice infected with a lethal strain of influenza virus H1N1 (28) , and so, for the current study, GRFT was administered to mice via an intranasal route.
These studies showed that GRFT protected mice from a lethal inoculum of mouse-adapted SARS-CoV. Remarkably, 100% of the animals treated with 10 mg/kg/day GRFT survived viral challenge, in contrast to only 30% of control animals (Fig.  5B) . The improved survival was further mirrored by prevention of weight loss and an improvement in lung histopathology scores and a reduction in lung tissue virus titers (Fig. 5A and C and Fig. 8) , which indicated that, though GRFT-treated animals were infected by SARS-CoV, drug treatment significantly modified the disease course and outcome.
While studies of the prevention or treatment of SARS-CoV lung disease have been hampered by the lack of animal models that faithfully recapitulate the features of human disease, several agents have shown some efficacy in modifying disease outcomes. These include alpha interferon (10), small interfer- ing RNA (siRNA) (15) , and passive immunization (16, 30) . Furthermore, in a previous study we showed that, during a simultaneous experiment, the cyclic antimicrobial peptide rhesus theta-defensin did not afford the complete protection from the morbidity of SARS-CoV infections seen with GRFT (34) . Our studies with a robust model of SARS-CoV lung disease suggest that GRFT may modify disease outcome by more than one mechanism. First, by binding to the spike glycoprotein and interfering with productive infection, GRFT may reduce the overall virus burden during the first and subsequent rounds of infection. The reduced virus load in the lung at days 2 and 4 is consistent with this idea. In addition, enhanced peribronchial mononuclear cell infiltration and modification of cytokine responses suggest that GRFT also is immunomodulatory. Stimulation of leukocyte infiltration has been reported following high-dose topical application of GRFT to rabbit (but not human) cervical mucosa (18) . GRFT is currently being developed for potential use as an anti-HIV microbicide, and a recent report demonstrates the feasibility of large-scale production and purification from Nicotiana benthamia plants (18) . This new production stream for GRFT greatly enables future development efforts based on GRFT's activity against enveloped viruses. Here we report that GRFT shows remarkable efficacy against lethal SARSCoV infection and was potently active against a broad spectrum of human coronaviruses and other animal coronaviruses. Several questions remain, however, for the potential development of GRFT for use in the treatment of respiratory infections by coronaviruses. Though GRFT completely protected animals from SARS-CoV-induced death, the presence of perivascular infiltrates in GRFT-treated animals will need to be further characterized. Since GRFT-treated infected animals recover, this suggests that these cellular infiltrates may mediate protective immunity to SARS-CoV. Further, we used 10-mg/ kg/day GRFT treatment in the in vivo studies reported here, but it is possible that lower doses of GRFT treatment would be equally efficacious. In summary, the antiviral protein GRFT shows noteworthy activity against Coronaviridae mediated via a novel mechanism of action. Its outstanding in vivo efficacy in SARS-CoV-infected mice suggests that this antiviral agent merits further investigation for the prophylaxis or treatment of respiratory infection by susceptible viruses.
